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Supplementary Figure 7 
E 
	
  
	
  
101	
  
Supplementary	
   Figure	
   7.	
   (A)	
   Tailing	
   and	
   trimming	
   time	
   course	
   of	
   5ʹ′-­‐32P-­‐labeled	
  miR-­‐122,	
   either	
   in	
   free	
  
form	
   or	
   pre-­‐hybridized	
   to	
   chimeric	
   targets	
   containing	
   an	
   HuR	
   cognate	
   ARE	
   binding	
   site	
   and	
   different	
  
natural	
  miR-­‐122	
  sites	
  from	
  the	
  CAT-­‐1	
  mRNA	
  (CAT-­‐1d,	
  -­‐1e,	
  -­‐1f),	
  or	
  a	
  perfect	
  complementary	
  miR-­‐122	
  site	
  
(perf),	
  monitored	
   on	
   a	
   high	
   resolution	
   TBE-­‐urea	
   PAGE	
  with	
   autoradiographic	
   detection.	
  Of	
   note,	
   signal	
  
trailing	
  in	
  the	
  reaction	
  with	
  the	
  perf-­‐ARE	
  (seen	
  already	
  at	
  time	
  point	
  0)	
  is	
  most	
  likely	
  due	
  to	
  tight	
  binding	
  
of	
   miRNA	
   to	
   imperfectly	
   denatured	
   target	
   RNA	
   during	
   electrophoresis.	
   Lower	
   panel:	
   Base	
   pairing	
   of	
  
miR-­‐122	
   and	
   miR-­‐27a	
   to	
   perfect	
   and	
   natural	
   binding	
   sites	
   (B)	
   Tailing	
   and	
   trimming	
   of	
   5ʹ′-­‐32P-­‐labeled	
  
miR-­‐122,	
   either	
   in	
   free	
   form	
  or	
   pre-­‐hybridized	
   to	
   chimeric	
   targets	
  with	
   the	
   CAT-­‐1e	
  miR-­‐122	
   target	
   site	
  
positioned	
  either	
  upstream	
  or	
  downstream	
  of	
   the	
  ARE	
  HuR	
  binding	
  site	
   (monitored	
  on	
  10	
  cm	
  15%	
  TBE-­‐
urea	
  PAGE	
  with	
  autoradiographic	
  detection).	
   (C)	
  Tailing	
  and	
   trimming	
  of	
  miR-­‐122	
  either	
   in	
   free	
   form	
  or	
  
pre-­‐hybridized	
   to	
   the	
   chimeric	
   1e-­‐ARE	
   target	
  by	
  HuR	
  and	
  HuR12,	
  monitored	
  on	
  a	
  20	
   cm	
  12	
  %	
  TBE-­‐Urea	
  
PAGE	
  with	
   autoradiographic	
   detection.	
   (D)	
   Slicing	
   of	
   5’-­‐TMR	
   labeled	
   target	
   RNAs	
   by	
   recombinant	
   Ago2	
  
protein	
   loaded	
   in	
  vitro	
  with	
  ssRNA,	
  as	
   indicated.	
  Lane	
  1:	
  miR-­‐122	
  and	
  a	
  perfect	
  miR-­‐122	
  target.	
  Lane	
  2:	
  
miR-­‐27a	
  and	
  a	
  perfect	
  miR-­‐122	
  target.	
  Lane	
  3:	
  miR-­‐122	
  and	
  a	
  natural,	
  bulged	
  target.	
  Lane	
  4:	
  miR-­‐122	
  and	
  
a	
  perfect	
  miR-­‐122	
  target,	
  no	
  Ago2.	
  (E)	
  Time	
  course	
  of	
  degradation	
  of	
  5ʹ′-­‐32P-­‐labeled	
  miR-­‐122,	
  versus	
  Ago-­‐
loaded	
  5ʹ′-­‐32P-­‐labeled	
  miR-­‐122	
  (both	
  pre-­‐hybridized	
  to	
  the	
  chimeric	
  1e-­‐ARE	
  target)	
  by	
  the	
  Staphylococcus	
  
aureus	
   micrococcal	
   nuclease	
   (MNase,	
   NEB),	
   monitored	
   on	
   a	
   10	
  cm	
   15	
  %	
   TBE-­‐urea	
   PAGE	
   with	
  
autoradiographic	
  detection.	
   (F)	
   Turnover	
  of	
  Ago2	
   loaded	
  5ʹ′-­‐32P-­‐labeled	
  miR-­‐122	
   in	
  absence	
   (panel	
  1)	
  or	
  
presence	
  of	
  HuR	
  (panel	
  3),	
  and	
  under	
  conditions	
  where	
  tailing	
  is	
  inhibited	
  by	
  3ʹ′desoxy	
  modification	
  of	
  the	
  
3ʹ′	
  miRNA	
  nucleotide	
  (panel	
  4)	
  or	
  reaction	
  with	
  α-­‐S-­‐ATP	
  (panel	
  5).	
  All	
  reactions	
  were	
  performed	
  after	
  pre-­‐
hybridization	
  of	
  miR-­‐122	
  –	
  Ago2	
  complexes	
  to	
  the	
  1e-­‐ARE	
  chimeric	
  target	
  (monitored	
  on	
  10	
  cm	
  15	
  %	
  TBE-­‐
urea	
  PAGE	
  with	
  autoradiographic	
  detection).	
  
	
  
	
  
	
  
102	
  
	
  	
  
	
   	
  
	
  
	
  
103	
  
Supplementary	
  Figure	
  8.	
   (A)	
  Live-­‐cell	
   fluorescent	
   imaging	
  of	
  HuR	
  and	
  D105AD254A	
  HuR	
  double	
  mutant	
  
localization	
   in	
   Huh7	
   cells	
   under	
   fed	
   and	
   amino-­‐acid	
   starved	
   conditions	
   in	
   the	
   absence	
   or	
   presence	
   of	
  
MS-­‐444	
   (50	
   μM,	
   all	
   reactions	
   at	
   0.1	
  %	
  v/v	
  DMSO).	
   (B)	
   Relief	
   of	
   miR-­‐122	
   targeted	
   Cat-­‐1	
  reporters	
   upon	
  
amino-­‐acid	
   starvation.	
   Effect	
   of	
   MS-­‐444	
   inhibition	
   (6	
  h)	
   with	
   GFP,	
   wild	
   type	
   HuR-­‐GFP	
   or	
   HuR	
  
D105AD254A-­‐GFP	
   overexpression	
   is	
   shown	
   on	
   Renilla	
   luciferase	
   levels	
   for	
   catA,	
   catB	
   or	
   a	
   non-­‐3ʹ′UTR	
  
control	
  reporter.	
  Renilla	
  luciferase	
  luminescence	
  is	
  shown	
  normalized	
  to	
  firefly	
  luciferase	
  signal	
  expressed	
  
from	
  the	
  same	
  plasmid.	
  (C)	
  Upper	
  panel:	
  Western	
  blot	
  of	
  Ago2,	
  tubulin	
  and	
  HuR	
  in	
  HCT116	
  cells	
  at	
  96	
  h	
  
after	
   control	
   (pGL3	
   siRNA,	
   targeting	
   Firefly	
   luciferase	
   (Stalder	
   et	
   al.	
   2013))	
   or	
  HuR	
   siRNA	
  knockdown.	
   4	
  
replicates	
  are	
  shown,	
  and	
  tubulin	
  is	
  shown	
  as	
  a	
  loading	
  control.	
  Lower	
  panels:	
  Ago	
  immune	
  precipitations	
  
from	
  HCT116	
  cells	
  performed	
  72	
  h	
  after	
  HuR	
  or	
  control	
  knockdown	
  by	
  siRNA.	
  Three	
  replicates	
  are	
  shown.	
  
Size	
  standard:	
  Protein	
  plus	
  western	
  C	
   (Biorad)	
   (D)	
  Deep	
  sequencing	
  analysis	
  of	
  mature	
  miRNA	
  and	
  non-­‐
genomically	
  encoded	
  3ʹ′	
  extended	
  isoforms	
  in	
  Ago2	
  immune	
  precipitations	
  from	
  HCT116	
  cells	
  upon	
  HuR	
  or	
  
control	
  knockdown	
  by	
  siRNA	
  (at	
  72	
  h	
  post	
  knockdown,	
  western	
  blot	
  shown	
  in	
  Figure	
  S8C).	
  Relative	
  change	
  
of	
   mature	
   miRNA	
   levels	
   with	
   and	
   without	
   3ʹ′	
   terminal	
   extensions	
   upon	
   HuR	
   knockdown	
   in	
   the	
   Ago-­‐
associated	
   miRNA	
   population.	
   The	
   total	
   isoform	
   number	
   in	
   each	
   category	
   is	
   indicated.	
   The	
   data	
   is	
   an	
  
average	
  of	
  2	
  separate	
  experiments,	
  with	
  4	
  biological	
  replicates	
  each	
  
	
  
	
  
	
   	
  
	
  
	
  
104	
  
5. Discussion	
  
	
  
5.1. Relation	
  to	
  initial	
  data	
  on	
  HuR	
  terminal	
  transferase	
  activity	
  
	
  
HuR	
   is	
   composed	
   of	
   three	
   RRM	
   domains	
  with	
   a	
   45	
   amino	
   acids	
   long,	
   flexible	
   hinge	
   between	
  
RRM2	
  and	
  RRM3.	
  Recently,	
  we	
  have	
  shown	
  that	
  HuR	
  has	
  a	
  3ʹ′-­‐terminal	
  RNA	
  adenosyl	
  transferase	
  
activity	
   (Meisner	
   et	
   al.	
   2009).	
   However,	
   its	
   physiological	
   substrates	
   and	
   biological	
   function	
  
remained	
  unknown	
  to	
  date.	
   	
  Here	
  we	
  show	
  that	
  HuR	
  is	
  a	
  poly(A)polymerase,	
  and	
  that	
  miRNAs	
  
act	
   as	
   substrates	
   for	
   this	
   enzymatic	
   activity.	
   In	
   addition,	
   we	
   have	
   uncovered	
   a	
   novel,	
   3ʹ′→5ʹ′	
  
exonuclease	
   activity	
   associated	
   with	
   HuR	
   that	
   acts	
   on	
  miRNAs	
   as	
   well	
   as	
   oligo(A)	
   substrates.	
  
Since	
  HuR12	
  is	
  a	
  fully	
  functional	
  enzyme,	
  the	
  data	
  presented	
  in	
  this	
  study	
  map	
  both	
  catalytic	
  sites	
  
to	
   within	
   the	
   N-­‐terminal	
   189	
   amino	
   acids.	
   Previously	
   data	
   however	
   had	
   shown	
   that	
   the	
   HuR	
  
transferase	
  activity	
  involves	
  a	
  conserved	
  DxD	
  (residues	
  254-­‐256)	
  motif	
  within	
  RRM3,	
  with	
  D254	
  
contributing	
   to	
   ATP	
   binding	
   (Meisner	
   et	
   al.	
   2009).	
  While	
   deficient	
   in	
   the	
   transferase	
   activity,	
  
none	
   of	
   the	
   RRM3	
   point	
   mutants	
   including	
   D254S,	
   D256S,	
   and	
   D312S	
   was	
   catalytically	
   dead	
  
(Meisner	
  et	
  al.	
  2009).	
   In	
  the	
  current	
  study,	
  we	
  mutated	
  the	
  D254	
  to	
  A	
  to	
  circumvent	
  potential	
  
hydrogen	
   bonding	
   activity	
   of	
   the	
   serine	
  mutations	
   we	
   had	
   used	
   initially.	
   Although	
   seemingly	
  
dead	
  in	
  the	
  ATP	
  incorporation	
  assay,	
  we	
  still	
  detected	
  residual	
  tailing	
  by	
  HuR	
  D254A	
  in	
  the	
  more	
  
sensitive	
   tailing	
   and	
   trimming	
   assay	
   which	
   uses	
   5ʹ′-­‐radiolabeled	
   miRNA	
   substrate.	
   This	
   assay	
  
monitors	
   the	
   fate	
   of	
   the	
   entire	
  miRNA	
   substrate,	
   in	
   contrast	
   to	
   the	
  ATP	
   incorporation,	
  which	
  
represents	
  the	
  net	
  result	
  between	
  the	
  two	
  counteracting	
  activities.	
  The	
  residual	
  tailing	
  activity	
  
of	
   D254A	
   is	
   consistent	
   with	
   a	
   contribution	
   of	
   D254	
   to	
   ATP	
   binding	
   rather	
   than	
   having	
   an	
  
essential	
   role	
   in	
   catalysis.	
  Of	
   note,	
   the	
   reduction	
   in	
   tailing	
   activity	
   for	
   the	
  D254A	
  mutant	
  was	
  
comparable	
   to	
   the	
  weaker	
   tailing	
   activity	
   also	
  observed	
   for	
  HuR12.	
   	
   Finally,	
   the	
  ATP	
  affinity	
  of	
  
HuR12	
  was	
  ca.	
  15-­‐fold	
  weaker	
  than	
  the	
  affinity	
  of	
  the	
  full	
  length	
  protein,	
  similar	
  to	
  the	
  reduced	
  
affinity	
   previously	
   observed	
   for	
   the	
  D254S	
  mutant	
   (Meisner	
   et	
   al.	
   2009).	
   Together	
   these	
   data	
  
show	
  that	
  both	
  catalytic	
  sites	
  are	
  contained	
  within	
  the	
  N-­‐terminal	
  portion	
  of	
  HuR,	
  with	
  amino	
  
acids	
  in	
  RRM3	
  contributing	
  to	
  ATP	
  binding.	
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5.2. The	
  HuR-­‐associated	
  enzymatic	
  activities	
  	
  
	
  
We	
   have	
   examined	
   whether	
   both	
   poly(A)polymerase	
   and	
   exonuclease	
   activities	
   represent	
  
integral	
   functions	
   of	
   HuR	
   itself	
   rather	
   than	
   being	
   due	
   to	
   contaminating	
   E.	
   coli	
   proteins	
   co-­‐
purifying	
  with	
  recombinant	
  HuR.	
  	
  The	
  following	
  cumulative	
  evidence	
  summarizes	
  our	
  arguments	
  
so	
   far:	
   (I)	
   the	
   recombinant	
   proteins	
   migrated	
   as	
   single	
   bands	
   in	
   SDS-­‐PAGE	
   following	
   either	
  
coomassie	
   or	
   silver	
   staining,	
   and	
   eluted	
   as	
   single	
   peaks	
   during	
   RP-­‐HPLC	
   analysis;	
   (II)	
   in	
   a	
   LC-­‐
MS/MS	
  analysis,	
  no	
  peptides	
  mapping	
  to	
  known	
  nucleases	
  or	
  polymerases	
  were	
  detected;	
   (III)	
  
for	
  both	
  HuR	
  and	
  HuR12,	
   polymerase	
  and	
  nuclease	
  activities	
   co-­‐eluted	
  with	
   respective	
  protein	
  
bands	
  during	
  size	
  exclusion	
  chromatography;	
  importantly,	
  the	
  activity	
  peaks	
  followed	
  the	
  shift	
  in	
  
the	
  elution	
  volume	
  according	
  to	
  the	
  size	
  difference	
  between	
  HuR	
  and	
  HuR12;	
  (IV)	
  after	
  isolating	
  
HuR12	
   under	
   denaturing	
   conditions	
   by	
   preparative	
   RP-­‐HPLC	
   chromatography	
   and	
   refolding	
   of	
  	
  
the	
  denatured	
  protein	
  on	
  a	
   cation	
  exchange	
   column,	
   the	
  nuclease	
  activity	
  was	
   recovered	
  and	
  
cofractionated	
   with	
   the	
   single	
   peak	
   after	
   the	
   successive	
   chromatographies	
   (V)	
   both	
   HuR	
  
activities	
   were	
   inhibited	
   by	
   MS-­‐444,	
   an	
   HuR-­‐targeting	
   compound;	
   (VI)	
   likewise,	
   they	
   were	
  
inhibited	
   in	
   trans	
   by	
   an	
  ARE	
   deoxyoligonucleotide	
   but	
   not	
   its	
   inverse	
   complementary	
   variant.	
  
(VII)	
  Moreover,	
   the	
  presence	
  of	
   the	
  same	
  HuR	
  binding	
  ARE	
  sequence	
   in	
  a	
  chimeric	
  RNA	
  target	
  
bearing	
  also	
  a	
  miRNA	
  binding	
  site	
  allowed	
  HuR,	
  but	
  not	
  micrococcal	
  nuclease	
  to	
  turnover	
  Ago-­‐
loaded	
  miRNA,	
  in	
  a	
  tailing-­‐dependent	
  manner.	
  (VIII)	
  HuR	
  binds	
  directly	
  to	
  ATP	
  as	
  demonstrated	
  
by	
  direct	
  visualization	
  of	
  HuR	
  associating	
  to	
  ATP-­‐beads	
  (Meisner	
  et	
  al.	
  2009).	
  Point	
  mutants	
  of	
  
HuR	
  with	
  reduced	
  ATP	
  binding	
  affinity	
  (D254S,	
  D254A)	
  paralleled	
  a	
  reduction	
  in	
  tailing	
  activity.	
  
(IX)	
   Finaly,	
   we	
   could	
   detect	
   nuclease	
   and	
   transferase	
   activites	
   in	
   proteins	
   purified	
   from	
   a	
  
different	
  system	
  -­‐	
  Baculovirus-­‐infected	
  insect	
  cells.	
  	
  
However,	
  final	
  evidence	
  that	
  these	
  enzymatic	
  activities	
  are	
  integral	
  properties	
  of	
  HuR	
  proteins,	
  
and	
  not	
  a	
  copurifying	
  contamination	
  will	
  be	
  given	
  only	
  by	
  generating	
  nuclease-­‐deficient	
  mutants	
  
and	
  thus	
  mapping	
  the	
  catalytic	
  site.	
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5.3. Characterization	
   of	
   transferase	
   and	
   nuclease	
   preferences	
   and	
  
specificities	
  	
  
	
  
The	
  HuR	
  poly(A)polymerase	
   (tailing)	
   is	
   a	
  Mg2+	
  dependent	
  enzyme	
  with	
  a	
  preference	
   for	
   single	
  
stranded	
  RNA.	
  A	
  small	
  screen	
  of	
  ~50	
  miRNAs	
  has	
  yielded	
  a	
  loosely	
  defined	
  GU-­‐rich	
  pentameric	
  
motif	
  (G-­‐G/U-­‐U/G-­‐A/U-­‐G)	
  in	
  the	
  3ʹ′	
  end	
  of	
  substrate	
  miRNAs.	
  Introducing	
  GUUUG	
  into	
  the	
  3ʹ′	
  end	
  
of	
  a	
  non-­‐substrate	
  miRNA	
  was	
  sufficient	
  to	
  render	
  it	
  a	
  substrate;	
  however,	
  deleting	
  this	
  motif	
  in	
  
substrate	
  miRNA	
  did	
  not	
  always	
  abolish	
  the	
  activity.	
   In	
  addition,	
  miRNA	
  without	
  the	
  motif	
  can	
  
act	
  as	
  a	
  substrate	
  for	
  the	
  poly(A)polymerase	
  activity	
  of	
  HuR,	
  indicating	
  that	
  a	
  3ʹ′terminal	
  GU-­‐rich	
  
pentamer	
  is	
  a	
  	
  sufficient,	
  but	
  not	
  necessary	
  feature	
  of	
  HuR	
  substrates.	
  
miRNAs	
  that	
  are	
  poor	
  transferase	
  substrates	
  are	
  nevertheless	
  turned	
  over	
  by	
  the	
  less	
  selective	
  
exonuclease	
  activity	
  (trimming).	
  The	
  typical	
  staling	
  pattern	
  that	
  HuR	
  generates	
  in	
  the	
  course	
  of	
  
miRNA	
   degradation	
   is	
   completely	
   missing	
   from	
   the	
   reaction	
   with	
   oligo(A)23,	
   indicating	
   that	
  
oligo/poly(A)	
   is	
  the	
  preferred	
  substrate	
  for	
  the	
  HuR	
  exonuclease.	
  Oligo(A)23	
   is	
  only	
   inefficiently	
  
tailed	
  by	
  HuR.	
  Oligo(U)23	
  is	
  a	
  poor	
  substrate	
  for	
  trimming	
  in	
  vitro.	
  A	
  more	
  systematic	
  future	
  study	
  
of	
   substrate	
   preferences	
   (in	
   particular	
   for	
   the	
   transferase)	
   as	
   well	
   as	
   enzyme	
   kinetics	
   and	
  
processivity	
  would	
  require	
  a	
  more	
  effective	
  uncoupling	
  of	
  tailing	
  and	
  trimming	
  activities,	
  e.g.	
  by	
  
selective	
  inactivation	
  of	
  either	
  catalytic	
  activity	
  by	
  point	
  mutantions.	
  
5.4. HuR	
  tailing	
  and	
  trimming	
  on	
  a	
  target	
  
	
  
Although	
  both	
  tailing	
  and	
  trimming	
  are	
  most	
  efficient	
  on	
  a	
  free,	
  single	
  stranded	
  miRNA	
  in	
  vitro,	
  
HuR	
  can	
  still	
  tail	
  and	
  trim	
  a	
  miRNA	
  hybridized	
  to	
  its	
  target	
  if	
  bound	
  to	
  the	
  same	
  target	
  RNA	
  via	
  
an	
   ARE	
   sequence.	
   These	
   data	
   suggest	
   that	
   the	
   reaction	
   is	
   facilitated	
   by	
   bringing	
   the	
   two	
  
reactants	
   into	
   proximity	
   on	
   a	
   target	
   RNA,	
   either	
   for	
   entropic	
   reasons	
   and/or	
   due	
   to	
  
conformational	
  changes	
  of	
  HuR	
  once	
  it	
  is	
  ARE	
  bound.	
  Indeed,	
  as	
  based	
  on	
  CLIP	
  data	
  for	
  HuR	
  and	
  
Ago	
   in	
   mammalian	
   cells,	
   HuR	
   and	
   miRNA	
   sites	
   are	
   enriched	
   in	
   the	
   proximity	
   to	
   each	
   other	
  
(Lebedeva	
  et	
  al.	
  2011;	
  Mukherjee	
  et	
  al.	
  2011).	
   Interestingly,	
  the	
  observation	
  that	
  addition	
  of	
  a	
  
short	
  ARE	
  oligonucleotide	
   in	
   trans	
   significantly	
   impairs	
   both	
   tailing	
   and	
   trimming	
  even	
  of	
   free	
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miRNA	
  suggests	
  that	
  HuR	
  needs	
  to	
  dissociate	
  from	
  the	
  ARE	
  of	
  the	
  chimeric	
  miRNA-­‐ARE	
  target	
  to	
  
initiate	
  processing	
  of	
  the	
  pre-­‐bound	
  miRNA	
  or	
  miRISC.	
  	
  
5.5. Ago-­‐miRNA	
  complex	
  stability	
  and	
  accessibility	
  	
  
	
  
The	
   Ago-­‐miRNA	
   complex	
   is	
   highly	
   stable	
   in	
   vitro	
   (Martinez	
   &	
   Tuschl	
   2004),	
   with	
   dissociation	
  
rates	
   in	
   the	
   range	
  of	
  koff	
  ~10-­‐5	
   sec-­‐1	
   (corresponding	
   to	
  half	
   lives	
  of	
  >	
  20	
  hours,	
   (De	
  et	
  al.	
  2013;	
  
Chatterjee	
  &	
  Grosshans	
  2009)	
  and	
  Meisner	
  lab,	
  unpublished	
  data).	
  The	
  miRNA	
  is	
  enveloped	
  by	
  
Ago	
  proteins,	
  which	
  bind	
  both	
  ends	
  of	
  the	
  miRNA	
  (Ma	
  et	
  al.	
  2005;	
  Boland	
  et	
  al.	
  2011).	
  In	
  cells,	
  
overexpression	
  of	
  Ago	
  proteins	
  was	
  shown	
  to	
  stabilize	
  miRNAs,	
  whereas	
  their	
  depletion	
   led	
  to	
  
the	
  decline	
  of	
  miRNA	
   levels	
   (Diederichs	
  &	
  Haber	
  2007;	
  O’Carroll	
   et	
   al.	
   2007).	
  However,	
  under	
  
several	
   conditions,	
   Ago-­‐loaded	
  miRNAs	
   can	
   be	
   accessed	
   by	
  modifying	
   enzymes.	
   In	
   particular,	
  
Ameres	
   et	
   al	
   have	
   reported	
   that	
   in	
   D.	
   melanogaster,	
   as	
   well	
   as	
   in	
   HeLa	
   cells,	
   an	
   unknown	
  
polymerase/nuclease	
  tailed	
  and	
  trimmed	
  Ago-­‐loaded	
  miRNA	
  bound	
  to	
  a	
  highly	
  complementary	
  
miRNA	
   target	
   site	
   (Ameres	
   et	
   al.	
   2010).	
   In	
   Drosophila,	
   the	
   3ʹ′→5ʹ′	
   exonuclease	
   Nibbler	
   was	
  
suggested	
  to	
  trim	
  the	
  3ʹ′	
  terminal	
  nucleotides	
  of	
  Ago-­‐1-­‐loaded	
  miRNA	
  to	
  provide	
  a	
  better	
  fit	
  to	
  
the	
   Ago	
   PAZ	
   domain	
   (Han	
   et	
   al.	
   2011).	
   In	
  C.	
   elegans,	
   the	
   unloading	
   of	
  miRNA	
   from	
   Ago	
  was	
  
found	
  to	
  be	
  a	
  necessary	
  prerequisite	
   for	
  Xrn-­‐2	
  mediated	
  degradation	
   (Chatterjee	
  &	
  Grosshans	
  
2009),	
  whereas	
  in	
  mammalian	
  cells	
  it	
  was	
  revealed	
  that	
  unloading	
  of	
  guide	
  RNA	
  from	
  Argonaute	
  
is	
  promoted	
  by	
  the	
  presence	
  of	
  highly	
  complementary	
  miRNA	
  targets	
  (De	
  et	
  al.	
  2013;	
  Yoda	
  et	
  al.	
  
2013).	
  
5.6. HuR	
  tails	
  and	
  trims	
  Ago-­‐loaded	
  miRNA	
  
	
  
Given	
  that	
  HuR	
  can	
  affect	
  miRNA-­‐mediated	
  repression	
  of	
  mRNA	
  (Bhattacharyya	
  et	
  al.	
  2006;	
  Kim	
  
et	
  al.	
  2009;	
  Tominaga	
  et	
  al.	
  2011;	
  Young	
  et	
  al.	
  2012;	
  Epis	
  et	
  al.	
  2011),	
  we	
  tested	
  whether	
  HuR	
  
can	
  access	
  Ago-­‐loaded	
  miRNA,	
  and	
  whether	
  the	
  Ago-­‐miRNA	
  interaction	
  can	
  affect	
  the	
  interplay	
  
of	
  miRNA	
  and	
  HuR	
  on	
  a	
  mRNA.	
  	
  The	
  3ʹ′	
  ends	
  of	
  Ago2-­‐loaded	
  miRNAs	
  can	
  reportedly	
  be	
  accessible	
  
to	
   modifying	
   enzymes	
   (Juvvuna	
   et	
   al.	
   2012),	
   therefore,	
   one	
   could	
   imagine	
   that	
   the	
   HuR	
  
transferase	
  can	
  access	
   its	
   substrate	
  when	
   loaded	
  within	
  Argonaute	
  by	
  detecting	
   the	
  preferred	
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GU-­‐rich	
  motif	
   at	
   the	
   3ʹ′	
   end.	
   Indeed,	
   unlike	
  micrococcal	
   nuclease,	
   HuR	
   can	
   access	
   Ago-­‐loaded	
  
miRNA	
  and	
  turn	
  it	
  over.	
   	
   Interestingly,	
  the	
  reaction	
  was	
  only	
  possible	
  when	
  Ago	
  and	
  HuR	
  were	
  
bound	
   to	
   the	
   same	
   RNA,	
   and	
   occurred	
   in	
   a	
   tailing-­‐dependent	
   manner,	
   as	
   the	
   miRNA	
  
3ʹ′nucleotide	
   3ʹ′deoxy	
   modification	
   as	
   well	
   as	
   the	
   absence	
   of	
   ATP	
   inhibited	
   miRNA	
   trimming,	
  
which	
   is	
   not	
   the	
   case	
   for	
   HuR	
   acting	
   on	
   free	
   miRNA.	
   Consistent	
   with	
   this,	
   adenylation	
   and	
  
uridylation	
  has	
  been	
  associated	
  with	
  the	
  subsequent	
  exonucleolytic	
  attack	
  on	
  small	
  RNA	
  (Kim	
  et	
  
al.	
  2010;	
  Ameres	
  et	
  al.	
  2010;	
  Kamminga	
  et	
  al.	
  2010;	
  Yoda	
  et	
  al.	
  2013).	
  
5.7. HuR12	
  cannot	
  process	
  target-­‐bound	
  miRNA	
  
	
  
Interestingly,	
   although	
   HuR12	
   can	
   tail	
   and	
   trim	
   a	
   free	
   miRNA,	
   albeit	
   with	
   diminished	
   tailing	
  
efficiency,	
   we	
   see	
   that	
   its	
   activity	
   is	
   strongly	
   diminished	
   on	
   a	
   target	
   RNA.	
   Given	
   that	
   HuR12	
  
displays	
   weakened	
   binding	
   of	
   both	
   miRNA	
   and	
   ATP	
   (70-­‐fold	
   and	
   15-­‐fold,	
   respectively),	
   we	
  
speculate	
  that	
  the	
  RRM3	
  could	
  be	
  involved	
  in	
  initial	
  contact	
  with	
  miRNA	
  and	
  also	
  contribute	
  to	
  
ATP	
   binding.	
   Both	
   of	
   these	
   reduced	
   activities	
   would	
   contribute	
   to	
   ineffective	
   processing	
   by	
  
HuR12	
  of	
  a	
  target-­‐bound	
  miRNA,	
  where	
  tailing	
  is	
  a	
  prerequisite	
  for	
  trimming.	
  
5.8. Contribution	
  of	
  HuR	
  enzymatic	
  activity	
  to	
  Ago	
  displacement	
  
	
  
In	
  the	
  human	
  hepatoma	
  Huh7	
  cell	
  line,	
  the	
  miR-­‐122-­‐mediated	
  repression	
  of	
  the	
  CAT-­‐1	
  mRNA	
  is	
  
relieved	
   by	
  HuR	
   upon	
   amino-­‐acid	
   starvation	
   and	
   other	
   stress	
   conditions	
   (Bhattacharyya	
   et	
   al.	
  
2006).	
  The	
  derepression	
  was	
  dependent	
  on	
  RISC	
  binding	
  to	
  target	
  mRNA	
  via	
  miRNA	
  base-­‐pairing	
  
as	
  the	
  repression	
  by	
  Ago2	
  tethered	
  to	
  the	
  mRNA	
  cannot	
  be	
  antagonized	
  by	
  HuR	
  (Kundu	
  2011).	
  
The	
  displacement	
  of	
  the	
  Ago2	
  protein	
  from	
  target	
  RNA	
  (Kundu	
  et	
  al.	
  2012),	
  which	
  accompanies	
  
the	
  derepression,	
   is	
   therefore	
  most	
   probably	
   caused	
  by	
  weakening	
  of	
   either	
  mRNA-­‐miRNA	
  or	
  
Ago2-­‐miRNA	
   interactions.	
   Given	
   that	
   we	
   show	
   that	
   HuR	
   can	
   tail	
   Ago2-­‐loaded	
   miRNA,	
   we	
  
hypothesize	
  that	
  the	
  extension	
  of	
  the	
  miRNA	
  out	
  of	
  the	
  PAZ	
  binding	
  domain	
  could	
  weaken	
  the	
  
interaction	
  of	
  Ago2	
  with	
  the	
  miRNA	
  and	
  thus	
  help	
  to	
  displace	
  it	
  (Han	
  et	
  al.	
  2011;	
  Juvvuna	
  et	
  al.	
  
2012).	
   In	
  addition,	
  the	
  extended	
  miRNA	
  tail	
   likely	
  serves	
  as	
  a	
  more	
  ideal	
  substrate	
  and	
  landing	
  
pad	
  for	
  the	
  nuclease.	
  Interestingly,	
  given	
  that	
  HuR	
  displays	
  low	
  tailing	
  and	
  preferential	
  trimming	
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of	
  oligo(A)	
  substrates,	
  tailing	
  would	
  generate	
  a	
  substrate	
  that	
  is	
  ideal	
  for	
  trimming,	
  leading	
  to	
  a	
  
handover	
   from	
   polymerase	
   to	
   nuclease	
   activity.	
   Of	
   note,	
   HuR	
   likely	
   has	
   to	
   release	
   the	
   ARE	
  
already	
  prior	
  to	
  tailing	
  since	
  addition	
  of	
  ARE	
  in	
  trans	
  inhibited	
  both,	
  tailing	
  and	
  trimming	
  of	
  free	
  
miRNA.	
  It	
  remains	
  to	
  be	
  elucidated	
  what	
  the	
  mechanism	
  of	
  handover	
  of	
  HuR	
  from	
  ARE	
  to	
  miRNA	
  
substrate	
   is.	
   Together,	
   tailing	
   and	
   trimming	
   may	
   facilitate	
   miRNA	
   processing	
   and	
   Ago2	
  
displacement	
  from	
  the	
  target	
  RNA.	
  Consistent	
  with	
  this	
  model,	
  we	
  observed	
  derepression	
  of	
  the	
  
RL-­‐catA	
  mRNA	
  reporter,	
  which	
  contains	
  miR-­‐122	
  and	
  HuR	
  sites	
  in	
  its	
  3ʹ′UTR,	
  upon	
  overexpression	
  
of	
   HuR	
   but	
   not	
   its	
   D105A,	
   D254A	
   tailing	
   deficient	
  mutant.	
   In	
   addition,	
   the	
   derepression	
   was	
  
prevented	
  by	
  treatment	
  of	
  cells	
  with	
  the	
  HuR	
  inhibitor	
  MS-­‐444.	
  	
  
5.9. HuR	
  effect	
  on	
  miRNA	
  bound	
  to	
  perfect	
  target	
  site	
  
	
  
Kundu	
   et	
   al.	
   reported	
   that	
   HuR	
   can	
   antagonize	
   miRISC	
   bound	
   to	
   a	
   perfect	
   complementary	
  
target,	
  albeit	
  with	
  lower	
  efficiency	
  than	
  that	
  bound	
  to	
  a	
  natural	
  miRNA	
  target	
  site	
  (Kundu	
  et	
  al.	
  
2012).	
   In	
   addition,	
   the	
   to-­‐date	
   reported	
   cases	
   of	
   tailing	
   and	
   trimming	
   of	
  miRNAs	
   rely	
   on	
   the	
  
presence	
  or	
  a	
  highly	
  complementary	
  miRNA	
  site	
  in	
  target	
  RNA	
  (Ameres	
  et	
  al.	
  2010;	
  Marcinowski	
  
et	
  al.	
  2012).	
  However,	
  in	
  the	
  current	
  study	
  no	
  tailing	
  or	
  trimming	
  of	
  a	
  miRNA	
  bound	
  to	
  a	
  perfect	
  
complementary	
  site	
  could	
  be	
  detected	
  even	
  when	
  HuR	
  was	
  associated	
  with	
  an	
  ARE	
  present	
   in	
  
cis.	
  However,	
  as	
  we	
  have	
  not	
  yet	
  tested	
  the	
  same	
  situation	
  in	
  the	
  presence	
  of	
  Ago,	
  we	
  cannot	
  
rule	
  out	
  the	
  possibility	
  that	
  HuR	
  might	
  be	
  capable	
  to	
  also	
  process	
  RISC	
  loaded	
  miRNA	
  perfectly	
  
complementary	
  to	
  the	
  target.	
  
5.10. 	
  Proximity	
  of	
  HuR	
  and	
  miRNA	
  binding	
  sites	
  and	
  competitive	
  versus	
  
cooperative	
  effects	
  
	
  
A	
   few	
   studies	
   have	
   suggested	
   that	
   HuR	
   antagonizes	
   miRNA	
   due	
   to	
   competition	
   for	
   mRNA	
  
binding	
  (Mukherjee	
  et	
  al.	
  2011).	
  In	
  most	
  of	
  these	
  studies,	
  the	
  binding	
  sites	
  for	
  both	
  factors	
  were	
  
however	
   non-­‐overlapping,	
   ruling	
   out	
   direct	
   competition	
   for	
   binding	
   as	
   the	
  mechanism	
   of	
   de-­‐
repression,	
   consistent	
   with	
   the	
   findings	
   that	
   when	
   the	
   HuR	
   and	
   miRNA	
   sites	
   are	
   found	
   in	
  
proximity	
  to	
  one	
  another,	
  they	
  typically	
  do	
  not	
  overlap	
  (Lebedeva	
  et	
  al.	
  2011;	
  Mukherjee	
  et	
  al.	
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2011).	
   In	
   the	
  case	
  of	
   the	
  mIR-­‐122-­‐repressed	
  CAT-­‐1	
  mRNA,	
  miRNA	
  and	
  HuR	
  binding	
   sites	
  were	
  
even	
  over	
  200	
  nt	
  apart.	
  Sites	
  in	
  Top2A,	
  NCL	
  and	
  stim1	
  mRNAs	
  were	
  likewise	
  distant	
  (Srikantan	
  et	
  
al.	
   2011;	
   Tominaga	
   et	
   al.	
   2011;	
   Zhuang	
   et	
   al.	
   2013).	
   In	
   such	
   situations,	
   the	
   reported	
  
oligomerization	
  property	
  of	
  HuR	
  could	
  facilitate	
  the	
  de-­‐repression	
  (Kundu	
  et	
  al.	
  2012;	
  Kasashima	
  
et	
  al.	
  2002;	
  Dean	
  et	
  al.	
  2001).	
  However,	
  there	
  are	
  also	
  reports	
  that	
  HuR	
  and	
  miRNAs	
  can	
  work	
  in	
  
a	
  cooperative	
  manner,	
  with	
  HuR	
  promoting	
  miRNA	
  access	
   to	
   the	
  mRNA.	
   Interestingly,	
   in	
  most	
  
such	
  hitherto	
  described	
  cases,	
  HuR	
  and	
  miRNA	
  sites	
  were	
  in	
  proximity	
  (Kim	
  et	
  al.	
  2009;	
  Glorian	
  
et	
   al.	
   2011),	
   and	
   therefore	
   it	
   has	
   been	
   proposed	
   that	
  HuR	
   binding	
   introduces	
   changes	
   to	
   the	
  
local	
  secondary	
  structure,	
  promoting	
  miRNA	
  binding,	
  as	
  was	
  shown	
  in	
  the	
  case	
  of	
  PUM	
  and	
  p27	
  
mRNA	
  (Kedde	
  et	
  al.	
  2010;	
  Srikantan	
  et	
  al.	
  2012).	
  Therefore,	
   thus	
   far	
  no	
  common	
  positional	
  or	
  
sequence	
  properties	
  can	
  be	
  derived	
  from	
  these	
  few	
  examples,	
  which	
  could	
  predict	
  whether	
  HuR	
  
will	
   act	
   in	
   a	
   competitive	
   or	
   a	
   cooperative	
  manner.	
   It	
   will	
   therefore	
   be	
   interesting	
   to	
   identify	
  
factors	
  that	
  determine	
  whether	
  an	
  Ago-­‐loaded	
  miRNA	
  will	
  or	
  will	
  not	
  be	
  turned	
  over	
  by	
  HuR	
  in	
  
vivo.	
  
Mukherjee	
  et	
  al	
  have	
  analyzed	
   the	
  behavior	
  of	
  HuR	
  and	
  miRNA	
   targets	
  upon	
  HuR	
  and	
  miRNA	
  
depletion	
  (Mukherjee	
  et	
  al.	
  2011).	
  The	
  authors	
  differentiated	
  between	
  overlapping	
  target	
  sites	
  
positioned	
   less	
   than	
   10	
   nt	
   apart	
   from	
  each	
  other,	
   non-­‐overlapping	
   sites	
   (>	
   10	
  nt	
   distance),	
   as	
  
well	
  as	
  target	
  mRNAs	
  with	
  only	
  miRNA	
  sites,	
  only	
  HuR	
  sites,	
  or	
  neither.	
  Upon	
  HuR	
  knockdown,	
  
the	
   downregulation	
   of	
   targets	
   containing	
   overlapping	
   sites	
   and	
   non-­‐overlapping	
   sites	
   was	
  
comparable.	
  These	
  results	
  indicate	
  that	
  the	
  levels	
  of	
  both	
  sets	
  of	
  mRNAs	
  are	
  being	
  fine-­‐tuned	
  by	
  
both	
  HuR	
  and	
  miRNAs,	
   irrespective	
  of	
   their	
  distance.	
  While	
   it	
   is	
  possible	
   that	
   the	
  mRNAs	
  with	
  
overlapping	
  sites	
  were	
  regulated	
  by	
  competitive	
  interaction	
  of	
  HuR	
  and	
  miRNA	
  for	
  binding,	
  such	
  
a	
  mechanism	
  is	
  highly	
  unlikely	
  for	
  the	
  non-­‐overlapping	
  sites.	
  	
  
5.11. HuR	
  knockdown	
  modulates	
  levels	
  of	
  miRNAs	
  and	
  iso-­‐miRs	
  with	
  3ʹ′	
  
non-­‐templated	
  A	
  additions	
  
	
  
We	
   also	
   show	
   that	
   HuR	
   has	
   a	
   direct	
   effect	
   on	
   miRNA	
   levels.	
   This	
   is	
   consistent	
   with	
   the	
  
observations	
  made	
  previously	
  by	
  monitoring	
  the	
  increase	
  of	
  miRNA	
  levels	
  upon	
  HuR	
  knockdown	
  
(Young	
  et	
  al.	
  2012)	
  and	
  knock-­‐out	
  (Chang	
  et	
  al.	
  2013).	
  Conversely,	
  another	
  study	
  (Lebedeva	
  et	
  
al.	
   2011)	
  detected	
   only	
  minor	
   effect	
   of	
   HuR	
   knockdown	
   on	
   total	
  miRNA	
   levels;	
   however,	
   this	
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study	
  was	
  performed	
  in	
  non-­‐stressed	
  HeLa	
  cells,	
  where	
  HuR	
  is	
  predominantly	
  nuclear.	
  Of	
  note,	
  
Bhattacharaya	
   et	
   al.	
   did	
   not	
   detect	
   a	
   decrease	
   of	
   miR-­‐122	
   levels	
   accompanying	
   the	
   HuR-­‐
mediated	
   relief	
   of	
   CAT-­‐1	
   mRNA	
   repression	
   upon	
   amino	
   acid	
   starvation	
   (Bhattacharyya	
   et	
   al.	
  
2006).	
  One	
  possible	
  explanation	
  might	
  be	
   that	
   increased	
  miRNA	
  turnover	
  upon	
  stress	
   is	
  being	
  
actively	
  compensated	
  for	
  by	
  an	
  increase	
  in	
  miRNA	
  biogenesis,	
  which	
  would	
  result	
  in	
  comparable	
  
steady	
  state	
  levels.	
  	
  
We	
  verified	
  the	
  effect	
  of	
  HuR	
  on	
  miRNA	
  levels	
  in	
  a	
  deep	
  sequencing	
  experiment,	
  using	
  HCT116	
  
cells	
   in	
  which	
  HuR	
   is	
   constitutively	
   localized	
   in	
   nucleus	
   as	
  well	
   as	
   cytoplasm	
  even	
   under	
   non-­‐
stress	
   conditions.	
   We	
   found	
   that	
   HuR	
   knockdown	
   leads	
   to	
   a	
   modest	
   upregulation	
   of	
   several	
  
mature	
  miRNAs	
   (up	
  to	
  2-­‐fold).	
   Interestingly	
  however,	
  when	
   looking	
  at	
  miRNA	
   isoforms	
  with	
  3ʹ′	
  
non-­‐templated	
  A	
  additions,	
  we	
  found	
  a	
  downregulation	
  of	
  these	
  miRNA	
  isoforms	
  and	
  extent	
  of	
  
downregulation	
  increased	
  with	
  the	
  number	
  of	
  A-­‐additions.	
  This	
  trend	
  was	
  confirmed	
  for	
  9	
  out	
  of	
  
10	
   individually	
   analyzed	
  miRNA,	
   supporting	
   that	
  miRNA	
  A-­‐tailing	
   in	
  HCT116	
   cells	
   is	
   indeed,	
   at	
  
least	
  in	
  part,	
  dependent	
  on	
  HuR.	
  Importantly,	
  no	
  such	
  effect	
  was	
  observed	
  for	
  miRNA	
  isoforms	
  
with	
  3ʹ′	
  non-­‐templated	
  U	
  or	
  other	
  non-­‐A	
  residue	
  additions.	
  	
  
5.12. Mechanistic	
  model	
  for	
  enzymatic	
  turnover	
  of	
  RISC-­‐loaded	
  miRNAs	
  
by	
  HuR	
  on	
  the	
  3ʹ′UTR	
  
	
  
Based	
  on	
  our	
  data,	
  we	
  propose	
  a	
  model	
  wherein	
  HuR	
  can	
  antagonize	
   the	
   function	
  of	
  miRNAs	
  
associated	
   with	
   Ago2	
   by	
   their	
   enzymatic	
   turnover.	
   To	
   access	
   and	
   degrade	
   the	
  miRNA	
   buried	
  
within	
  the	
  complex	
  with	
  Argonaute	
  protein,	
  HuR	
  employs	
  an	
  elaborate	
  multiple	
  step	
  mechanism	
  
when	
  bound	
  in	
  cis	
  to	
  the	
  same	
  target	
  RNA	
  through	
  an	
  HuR-­‐specific	
  ARE.	
  Very	
  likely	
  accompanied	
  
by	
   a	
   release	
   of	
   the	
   ARE,	
   HuR	
   first	
   catalyzes	
   addition	
   of	
   a	
   poly(A)	
   tail	
   to	
   the	
   miRNA	
   3ʹ′	
   end.	
  
Thereby	
  it	
  generates	
  a	
  “landing	
  pad”	
  for	
  another	
  hitherto	
  unknown	
  catalytic	
  activity	
  associated	
  
with	
  the	
  protein,	
  a	
  3ʹ′→5ʹ′	
  exonuclease.	
  	
  Upon	
  the	
  handover	
  from	
  transferase	
  to	
  nuclease	
  activity	
  
the	
  protein	
  catalyzes	
  exonucleolytic	
  degradation	
  of	
  the	
  tailed	
  miRNA.	
  The	
  complete	
  turnover	
  of	
  
the	
  miRNA	
  body	
   implies	
   that	
   in	
   the	
  process,	
   the	
  miRNA	
  substrate	
   is	
   released	
   from	
  Argonaute.	
  
While	
   further	
   mechanistic	
   and	
   structural	
   detail	
   of	
   this	
   sophisticated	
   process	
   remains	
   to	
   be	
  
elucidated,	
  this	
  model	
  provides	
  a	
  first	
  mechanistic	
  explanation	
  of	
  how	
  HuR	
  antagonizes	
  miRNA	
  
repression.	
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5.13. Nuclease	
  diversity	
  
	
  
HuR	
   is	
   composed	
   of	
   three	
   RRM	
  domains.	
  While	
   the	
   RRM	
   is	
   one	
   of	
   the	
  most	
  widespread	
   and	
  
ancient	
   RNA	
   binding	
   domains,	
   present	
   in	
   ~1	
  %	
   of	
   human	
   proteins,	
   and	
  while	
   RRM-­‐like	
   PALM	
  
domain	
   folds	
  are	
  part	
  of	
  many	
  polymerases	
   (see	
  next	
   chapter),	
   the	
   connection	
  between	
  RRM	
  
domains	
   and	
   nucleases	
   has	
   not	
   been	
   yet	
   made	
   in	
   the	
   literature.	
   However,	
   nucleases	
   are,	
   as	
  
previously	
   discussed	
   (see	
   Introduction),	
   a	
   heterogenous	
   group	
   encompassing	
   many	
   different	
  
protein	
   folds	
  and	
   catalytic	
   center	
  organizations.	
  Members	
  of	
  one	
   family	
  of	
  nucleases	
   (the	
  PD-­‐
(D/E)XK	
   superfamily)	
   share	
   a	
   structural	
   core	
   composed	
   of	
   four	
   β-­‐sheets	
   flanked	
   by	
   two	
   α-­‐
helices,	
  similar	
  to	
  RRM	
  domains	
  which	
  adopt	
  a	
  β1α1β2β3α2β4	
  topology	
  forming	
  a	
  four-­‐stranded	
  
b-­‐sheet	
   packed	
   against	
   two	
  α-­‐helices.	
   The	
   first	
  members	
   of	
   the	
   PD-­‐(D/E)XK	
   superfamily	
  were	
  
initially	
  identified	
  as	
  type	
  II	
  restriction	
  enzymes	
  (endonucleases),	
  but	
  now	
  include	
  exonucleases,	
  
transposases	
   and	
   ssDNA	
  nicking	
   enzymes	
   (reviewed	
   in	
   (Kosinski	
   et	
   al.	
   2005)).	
   The	
   active	
   sites	
  
vary,	
   and	
   can	
   be	
   composed	
   of	
   different	
   combinations	
   of	
   2-­‐3	
   acidic	
   residues	
   (D	
   and	
   E,	
  
occasionally	
   replaced	
  by	
  N	
  and	
  Q)	
  and	
   lysine	
   (which	
   can	
  be	
   substituted	
   for	
  an	
  acidic	
   residue).	
  
The	
  side	
  chains	
  may	
  be	
  located	
  in	
  different	
  parts	
  of	
  the	
  primary	
  sequence,	
  only	
  maintaining	
  their	
  
position	
  in	
  the	
  three-­‐dimensional	
  organization	
  of	
  the	
  molecule.	
  The	
  authors	
  summarize:	
  “That	
  …	
  
suggests	
  that	
  more	
  strongly	
  diverged	
  members	
  still	
  await	
  discovery”.	
  
5.14. Catalytic	
  activity	
  –	
  a	
  novel	
  function	
  of	
  the	
  RRM	
  domain?	
  
	
  
A	
   number	
   of	
   polymerases	
   contain	
   PALM	
   domains	
   with	
   RRM-­‐like	
   folds	
   (Anantharaman	
   et	
   al.	
  
2010).	
   In	
   tRNA(His)	
   guanylyltransferase	
   (Thg1)	
   for	
   example,	
   the	
   catalytic	
   site	
   is	
   thought	
   to	
   be	
  
composed	
  of	
  three	
  acidic	
  residues	
  situated	
  in	
  the	
  linker	
  regions	
  at	
  the	
  end	
  on	
  the	
  first	
  β-­‐sheet	
  
and	
   in	
   the	
   hairpin	
   region	
   between	
   sheets	
   2	
   and	
   3.	
   Although	
   HuR	
   possesses	
   several	
   surface	
  
exposed	
  acidic	
  residues	
  located	
  outside	
  secondary	
  structures,	
  the	
  distribution	
  of	
  these	
  residues	
  
does	
  not	
  conform	
  to	
  this	
  arrangement.	
  In	
  contrast,	
  HuR	
  transferase	
  activity	
  was	
  impaired	
  upon	
  
exchange	
   of	
   D105,	
   an	
   amino	
   acid	
   located	
   between	
   RRMs	
   1	
   and	
   2,	
   to	
   alanine.	
   An	
   additional	
  
amino	
  acid,	
  E101	
   is	
   found	
   in	
   the	
   immediate	
  proximity	
  of	
  D105	
   in	
   the	
  crystal	
   structure	
  of	
  HuR,	
  
and	
  could	
   conceivably,	
   in	
   combination	
  with	
   the	
  N-­‐terminal	
  peptide	
  which	
  was	
  not	
  part	
  of	
   the	
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crystallization	
   construct	
   but	
   contains	
   5	
   additional	
   acidic	
   amino	
   acid	
   residues,	
   constitute	
   a	
  
catalytic	
  center.	
  	
  
In	
   general,	
   for	
   free	
   miRNA	
   substrates	
   we	
   consistently	
   observed	
   that	
   whenever	
   transferase	
  
activity	
   was	
   reduced	
   (eg	
   for	
   tailing	
  mutants	
   D105A	
   or	
   D254A,	
   in	
   absence	
   of	
   ATP	
   or	
   for	
   poor	
  
tailing	
   substrates)	
   this	
   resulted	
   in	
   an	
   increase	
   in	
   exonucleolytic	
   processing,	
   suggesting	
   that	
   in	
  
absence	
   of	
   a	
   confined	
   conformational	
   arrangement	
   on	
   a	
   mutual	
   target,	
   the	
   two	
   reactions	
  
compete	
  with	
  each.	
  One	
  possibility	
  for	
  such	
  a	
  competition	
  would	
  be	
  that	
  the	
  substrate	
  binds	
  in	
  
two	
  different	
  modes	
  positioning	
  the	
  3’end	
  either	
  in	
  one	
  or	
  the	
  other	
  catalytic	
  center.	
  However,	
  
as	
  an	
  alternative	
  explanation	
   the	
   transferase	
  and	
  exonuclease	
  activities	
  might	
  be	
  an	
  opposing	
  
function	
   of	
   the	
   same	
   catalytic	
   center.	
   	
   A	
   precedent	
   for	
   such	
   a	
   two-­‐way	
   enzymatic	
   activity	
   is	
  
given	
   by	
   Polynucleotide	
   Phosphorylase	
   (PNPase),	
   a	
   component	
   of	
   the	
   bacterial	
   degradosome,	
  
which	
   uses	
   the	
   same	
   poly(A)-­‐dependent	
   degradation	
   strategy.	
   PNPase	
   can	
   act	
   both	
   as	
   a	
   3ʹ′	
  
poly(A)polymerase	
   and	
   a	
   3ʹ′→5ʹ′	
   exonuclease	
   (Mohanty	
   &	
   Kushner	
   2000)	
   using	
   one	
   catalytic	
  
center.	
   This	
   is	
   enabled	
   by	
   employing	
   a	
   phosphorolytic	
   rather	
   than	
   a	
   hydrolytic	
   nuclease	
  
mechanism	
   –	
   which	
   is	
   the	
   only	
   energetic	
   possibility	
   for	
   a	
   fully	
   reversible	
   reaction	
   since	
   the	
  
energy	
  of	
  the	
  cleaved	
  phosphodiester	
  bond	
  is	
  conserved	
  in	
  nucleoside-­‐diphosphates	
  as	
  leaving	
  
groups.	
  Interestingly,	
  the	
  HuR12	
  crystal	
  structure	
  reveals	
  a	
  sulfate	
  ion	
  tightly	
  bound	
  in	
  the	
  region	
  
where	
  the	
  N-­‐term	
  and	
  D105	
  come	
  close	
  together,	
  which	
  is	
  furthermore	
  in	
  vicinity	
  of	
  the	
  3ʹ′	
  end	
  
of	
  the	
  bound	
  RNA.	
  However,	
  more	
  work	
  remains	
  to	
  be	
  done	
  and	
  future	
  efforts	
  must	
  be	
  focused	
  
on	
  the	
  elucidation	
  of	
  the	
  catalytic	
  residues	
  in	
  HuR	
  by	
  mutational	
  analysis.	
  
5.15. Summary	
  and	
  outlook	
  
	
  
The	
   tailing-­‐	
   and	
   trimming-­‐dependent	
   antagonization	
   of	
   Ago-­‐loaded	
   miRNA	
   mediated	
   by	
   HuR	
  
represents	
  a	
  possible	
  mechanism	
  of	
  how	
  HuR,	
  together	
  with	
  RISC,	
  can	
  co-­‐regulate	
  mutual	
  target	
  
mRNAs.	
  Possibly,	
  it	
  acts	
  synergistically	
  with	
  the	
  reported	
  oligomerization	
  of	
  HuR	
  on	
  target	
  RNA,	
  
providing	
  mechanistic	
  means	
  to	
  antagonize	
  the	
  repressive	
  function	
  of	
  miRNA	
  bound	
  to	
  the	
  same	
  
mRNA	
  even	
   far	
  away	
   from	
   the	
  HuR	
  binding	
   region.	
  However,	
   the	
  proposed	
  mechanism	
  needs	
  
more	
  testing	
  to	
  uncover	
  the	
  exact	
  biological	
  context	
  and	
  miRNAs	
  which	
  act	
  as	
  HuR	
  substrates	
  in	
  
vivo.	
  Especially,	
  the	
  context	
  in	
  which	
  HuR	
  acts	
  competitively	
  or	
  cooperatively	
  with	
  a	
  miRNA	
  on	
  a	
  
message	
  will	
   be	
   interesting	
   to	
   elucidate.	
   In	
   addition,	
   the	
  HuR	
   enzymatic	
   activities	
   need	
   to	
   be	
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investigated	
   in	
  more	
  detail,	
  with	
  a	
   focus	
  on	
   identification	
  and	
  characterization	
  of	
   the	
  catalytic	
  
centers.	
   Finally,	
   the	
   in	
   depth	
   mechanism	
   of	
   this	
   sophisticated	
   molecular	
   process,	
   including	
  
contact	
   of	
   miRNA	
   deeply	
   buried	
   within	
   Argonaute,	
   handover	
   from	
   ARE	
   to	
   miRNA	
   substrate,	
  
transition	
   from	
  tailing	
  to	
  trimming,	
  and	
  unloading	
  of	
   the	
  miRNA	
  from	
  Argonaute	
  remain	
  to	
  be	
  
studied	
  in	
  depth	
  with	
  biophysical,	
  biochemical,	
  and	
  structural	
  biological	
  methods.	
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  Witold	
  Filipowicz	
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   Major	
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1998	
  –	
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First	
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   Planning	
  and	
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  transcription/translation	
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   Protein	
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  using	
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of	
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  system)	
  
	
   Protein	
  refolding	
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   Recombinant	
  enzymatic	
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   Immunoprecipitation	
  
Ligand	
  binding	
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RT-­‐qPCR,	
  probe	
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  analysis	
  (mRNA,	
  miRNA)	
  
Northern	
  blot	
  (mRNA	
  and	
  miRNA)	
  
Western	
  blot	
  
Expertise	
  in	
  PAGE	
  analysis	
  by	
  RNA	
  PAA-­‐Urea	
  
sequencing	
  quality	
  gels	
  
2D	
  electrophoresis	
  
RNA	
  labeling,	
  biotin,	
  radioactive	
  
Radioactivity	
  incorporation	
  assays	
  
In	
  vitro	
  transcription	
  and	
  translation	
  
Primer	
  extension	
  
	
  
Cell	
  biology	
   	
   	
   	
   Transfection	
  with	
  (si)RNA/DNA	
  
	
   	
   	
   	
   	
   Luciferase	
  assays	
  
	
   	
   	
   	
   	
   Survival	
  assays	
  
	
   	
   	
   	
   	
   Toxicity	
  assays	
  
	
   	
   	
   	
   	
   Overexpression	
  systems	
  (Tet	
  OFF)	
  
	
  
Analytical	
  chemistry	
   	
   	
   HPLC	
  
Thin	
  layer	
  chromatography	
  analysis	
  
	
  
Biophysics	
   	
   	
   	
   RNA-­‐RNA/protein	
  anisotropy	
  based	
  binding	
  assays	
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Computer	
  skills	
  
	
  
Grafit	
   	
   	
   	
   	
   Curve	
  fitting,	
  Kd	
  calculation,	
  IC50	
  calculation	
  
Prism	
  
Quantity	
  one,	
  image	
  lab	
   	
   Device	
  specific	
  image	
  analysis,	
  quantification	
  
Vector	
  NTI	
   	
   	
   	
   Cloning	
  planning,	
  oligo	
  design	
  
Adobe	
  illustrator	
   	
   	
   Publication	
  preparation	
  
Mendeley	
   	
   	
   	
   Citation	
  management	
  
	
  
Language	
  skills	
  
	
  
Croatian/Serbian	
   	
   	
   Mother	
  language	
  
English	
  	
   	
   	
   	
   IELTS	
  grade	
  8	
  expert	
  user	
  
German	
   	
   	
   	
   Proficient	
  user	
  
French	
  	
   	
   	
   	
   Beginner	
  
	
  
Publications	
  
	
  
In	
  preparation:	
  Tailing-­‐dependent	
  trimming	
  of	
  RISC-­‐associated	
  miRNAs	
  by	
  the	
  HuR	
  protein	
  
Sokol	
  L,	
  Ripin	
  N,	
  	
  Filipowicz	
  W,	
  Meisner-­‐Kober	
  NC.	
  
	
  
The	
  rough	
  endoplasmatic	
  reticulum	
  is	
  a	
  central	
  nucleation	
  site	
  of	
  siRNA-­‐mediated	
  RNA	
  
silencing.	
  
Stalder	
  L,	
  Heusermann	
  W,	
  Sokol	
  L,	
  Trojer	
  D,	
  Wirz	
  J,	
  Hean	
  J,	
  Fritzsche	
  A,	
  Aeschimann	
  F,	
  Pfanzagl	
  
V,	
  Basselet	
  P,	
  Weiler	
  J,	
  Hintersteiner	
  M,	
  Morrissey	
  DV,	
  Meisner-­‐Kober	
  NC.	
  
EMBO	
  J.	
  2013	
  Apr	
  17;32(8):1115-­‐27	
  
	
  
	
  
The	
  mRNA	
  stability	
  factor	
  HuR	
  inhibits	
  microRNA-­‐16	
  targeting	
  of	
  COX-­‐2.	
  
Young	
  LE,	
  Moore	
  AE,	
  Sokol	
  L,	
  Meisner-­‐Kober	
  N,	
  Dixon	
  DA	
  
Mol	
  Cancer	
  Res.	
  2012	
  Jan;10(1):167-­‐80.	
  
	
  
RNA	
  stability	
  alterations	
  mediated	
  by	
  HuR	
  are	
  necessary	
  to	
  sustain	
  the	
  fast	
  growth	
  of	
  glioma	
  
cells.	
  
Bolognani	
  F,	
  Gallani	
  AI,	
  Sokol	
  L,	
  Baskin	
  DS,	
  Meisner-­‐Kober	
  N.	
  
J	
  Neurooncol.	
  2012	
  Feb;106(3):531-­‐42.	
  	
  
	
  
Further	
  education	
  
	
  
Radioactivity	
  work	
  certificate	
  SUVA	
  (Strahlenschutzkurs)	
  
Target	
  to	
  therapy	
  course	
  (Novartis	
  –	
  analyzing	
  the	
  process	
  from	
  target	
  validation	
  to	
  clinical	
  
testing	
  of	
  new	
  drugs)	
  
RNPnet	
  structural	
  biology	
  summer	
  school	
  (NMR,	
  Crystalization,	
  Electron	
  microscopy	
  etc.)	
  
Course	
  on	
  Experimental	
  Cancer	
  Research:	
  Clinic	
  and	
  Molecular	
  Biology	
  	
  
